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ADVANCE CONFIDENTIAL REP OST 

CRITICAL MACH NUMBERS OF THIN AIRFOIL SECTIONS 

WITH PLAIN FLAPS 

By Max A. Heaslet and Otway O'H. Pardee 

SUMMARY 

\ 

She critical Mach number, as a function of lift coef- 
ficient, la determined for certain thin and moderately thick 
MACA low—drag airfoils.  The results, which are given graphi- 
cally, Include calculations on the same airfoil sections with 
plain flaps for snail flap deflections.  Curves are presented 
Indicating optimum critical conditions for the airfoils with 
flaps and are in a form so that they may Be compared with 
corresponding results for zero flap deflections. 

The calculations Indicate that, through the use of plain 
flaps, an Increase may he realised In the lift—coefficient 
range for which the critical Kach number is in the region of 
high values characteristic of low—drag airfoils. 

INTRODUCTION 

The necessity of attaining higher speeds and higher 
altitudes in military aircraft has focused increasing atten- 
tion on the critical speeds of the airfoil sections used and, 
as a result of investigations concerned with the calculation 
of  these critical speeds, certain properties of favorable 
airfoil sections have become known.  For example, it Is 
possible to say as a general conclusion that the type of 
pressure distribution associated with low—drap airfoils Is 
one which is also favorable to the production of high-crit leal- 
speed characteristics.  Moreover, as pointed out in refer- 
ence 1, the thickness ratio and the camber of a wing section 
play an important role since the maximum vilue of critical 
Mach number decreases approximately linearly as the cacber 
and thickness of an airfoil increases.  It has therefore been 
almost inevitable that the airfoil sections used on recently 
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\ 

designed high-speed aircraft have had the type of pressure 
distribution associated with the low—drag airfoil and hare 
been thinner than those used formerly. 

Critical—speed  curves,   such  as   are  given   In  reference  1, 
show that   the  low-drag airfoil has  a region of  lift   coef- 
ficients,   more  or  less   symmetrically  disposed with   respect 
to  the design  lift   eoeffioient,   In  which   the   critical Kach 
nunher  variation  Is  small,  the maximum  critical  Much number 
being achieved  within   the region.     Outside this   sector, 
which  corresponds  roughly to  the  lift-coefficient  range for 
which the  low-drag properties  of   the   airfoil  hold,   there   Is 
a sharp  decrease  In  the value  of  critical Maoh  number.     It   Is 
obvious   that  a particularly advantageous  situation  exists   if 
It   Is  possible  to  design  the  wing section  of  an  airplane  so 
that  the  high—erIt leal—speed and  low—drag regions   of the 
wing extend beyond  the 1 ift—coefficient  range for  normal 
operations.     The difficulty  of  achieving  this  has   already 
been  encountered  In   the design  of  fighter  aircraft  where 
demands   on   the maneuverability at  high   speeds   are  great. 
The problem  arises  again   In the  case  of  long-range  bombers 
since,   on  extended flights  with  attendant  fuel  consumption 
and with  the  accompanying  disposal   of  bomb loads,   the vari- 
ation  of  lift   coefficients  required «ay be quite large.     The 
situation   Is   particularly  acute  for  jet-propelled  bombers 
since high  speeds  are  possible  of  attainment   over  a wide rang« 
of altitude. 

I- 

&'• 

W' 

The theoretical results of ref 
that, as the thickness of an airfoi 
maximum critical Kach number Is lnc 
crease Is brought about at the expo 
range for the high-critical-speed r 
speed requirements in the design of 
a thin wing section while other spe 
that the extent of lift coefficient 
extends beyond the natural range of 
quence, it becomes highly desirable 
whereby an extension of this range : 
method which could presumably be us 
the use of full-span plain flaps, f 
camber may be modified and the load 
foil disposed so that the sharp gro 
near the  nose   Is   restricted. 

erence 1   show  quite  clearly 
1  section  decreases,   the 
reased  but   that   this   in- 
nee of  the  lift-coefficient 
eglon.     Thus,   the  high— 

an  airplane may  call  for 
cifleatlons  may  be sujh 
s   needed  at  high  speeds 

the airfoil.     As  a  conse— 
to   investigate  any method 

may be  effected.     One  such 
ed  for this  purpose  Is 
or   in  this  manner  the 
distribution  over  the  air— 

wth  of  the  pressure peak 

In  the  present   report,   calculations   have  been   carried 
out  at   the  reouest   of  the Air  Technical  Service  Command, 
U.  S.  Army Air  Force«,   to  determine  the  critical  Mach numbers, 

CONFIDENTIAL 

Wk, 



VACA ACH Ho.   6A30 oonrissKTiAi 

at a function of lift coefficient» for the HACA 64-, 66-, 
and 66—series low-drag airfoil sections with thickness—chord 
ratios equal to 0.06, 0.08, 0.10, and 0.18.  These sections 
have constant ideal lift coefficients of 0.8 at which lift 
the load Is distributed uniformly over the chords. Another 
portion of the theoretical calculations II devoted to the 
determination of the critical Mach numbers of these same 
airfoil sections vlth plain flaps, for small flap deflections. 
In an attempt to study the effect of such flaps on the criti- 
cal Mach number curves of the airfoils. 

\l 
An experimental Investigation has also been carried out, 

under the same general research program, to determine the 
Kach numbers at which the foroe and moment characteristics 
of the same sections with flaps are divergent.  This investiga- 
tion Is to be reported separately and will contain a compari- 
son of the theoretical critical results with the experimentally 
evaluated divergence Mach numbers. 

A complete lint tf symbols, as used throughout this report, 
may be found in the appendix. !- 

ANAJ.TS IS 

Computation of Critical Mach Hunber 

It is now an established convention to define the critical 
Mach number of a body as the Mach number of the free stream 
for which, at some point on the surface of the body, the 
fluid first reaches a velocity equal to the local velocity 
of sound.  In an analogous manner the critical compressi- 
bility speed Is defined as the free—stream speed corresponding 
to that at which the critical Mach number is attained.  Ex- 
perimental evidence, ebtalned from the study of airfoil 
sections. Indicates that compression shocks are formed 
locally on an airfoil surface soon after, if not coinci- 
dental with, the attainment of Mach numbers corresponding to 
the critical speed.  This shock, however, is not well defined 
and, so far as can be observed, no strongly developed shock 
front exists until the free—stream Mach number has risen some- 
what above Its critical value.  It thus seems quite reason- 
able to assume, and this has been further substantiated by 
•xperiment, that for airfoils of limited thickness the 
erltieal Maoh number furnishes a conservative approxi- 
mation, for the designer, for the occurrence of the flow 
breakdown which is associated with euper-orltlcal speeds and 
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produces the sudden ohanges In the airfoil characteristics 
that nre, la pen«ml, Inimical to good airplane control and 
performance. 

The critical Mach numbers In this report are calculated 
In the manner used in reference 1.  Under the assumption 
that the flow is isentroplc, the critical pressure coef- 
ficient is given by the relation 

pcr " po _3 
YM er 

a 2z 
v+i {«fcf

1-»]   (i) 

I «here 

p0   static pressure in the free stream 

rer 

er 

pressure corresponding to sonic velocity at Nep 
and occurring at minimum pressure point 

Telocity of the free stream 

velocity of sound in the free stream 

critical Mach number, equal to T
0/*0 at critical 

conditions 

V    ratio of specific heats  <Cp/cT « 1.4) 

p0   density of the fluid In the free stream 

q_   dynamic pressure  ( — o T  ) o \ 2 « o y 

In order that i'er     b« related to the low—speed pressure 

eoeffleient *uan  •( -)     it Is necessary to express the v  °-o ' M-0 

left—hand   side  of   equation  (l)   In  terms   of    Py,=o     and to  this 
end  the  Karman—Tslen formula (reference  S)  has  been used, 
•quating  this result,   evaluated at   the  critical   v*lue  of    Ji, 
to  the right-hand side  of  equation (l),   gives   the requisite 
expression 
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cr 
17-2- • 2=1 M

8
   ^-il ° ,  

LVy+X       7-1     er   / J       £3T••• K6r PH=Q 

(8) 

1 
posaici 
low—spe 
of the 
with th 
point. 
number 
•action 

Is high 

corresp 
Olauert 

or an airfoil, or an airfoil with flap. If it is 
e to determine the pressure distribution for a given 
ed lift coefficient, then the critical Mach number 
airfoil can be found by means of equation (3) together 
e value of pressure coefficient at the minimum pressure 
As a result of such calculations, the critical Mach 
of an airfoil is found as a function of the low—speed 
lift coefficient,  clM=c- *'r  design, however, it 

ly desirable to know the actual lift coefficient  ojM 

onding to the Mach number of flieht.  In reference 3, 
has developed the approximation 

'»J! 

11(1-0 

,/i-ir 

which does relate the low— and high—speed lift coefficients, 
and in this report the Glnuert correction has been applied. 
Experimental observations show that the accuracy of this 
correction Is good for Mach numbers up through critical values. 

Calculation of Pressuve Distributions 

for Airfoils with Plaps 

The theoretical calculation of airfoil pressure distribu- 
tions has been outlined In reference 4, and In this reference 
tabular data are given whereby the pressure distributions may 
be calculated Immediately for all standard HACA airfoil sec- 
tions with various types of camber lines.  The velocity 
distribution over the airfoil is considered, in conformity 
with present theory, to be forued fror: three separate and 
Independent parts: 

1. That p«irt of the velocity distribution associated 
with the basic thickness form set at »ero angle 
of attack 
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2. That part of the distribution associated with the 
design load of the camber line 

3. That part of the distribution associated with the 
additional load distribution and related to the 
angle of attack of the airfoil 

As a result of this theory It Is possible to express 
the pressure eoeffieient P)j«0 in tne fprn 

Py-0 « 1 -(-I. ±fS* AT 

r!)' (3) 

I 
T  AU        Av, 

where =-, =-,  and =— 
oo        o 

are Telocity ratios eerrespondlng 

respectively to parts 1, ?, and 3.  This method has been used 
throughout the present report for airfoils with and without 
flaps« and the airfoil data In reference 4 have been used In 
all cases. 

Tor an airfoil with plain flap it Is necessary to find 
Au       Ava 

the effect cf the flap on the values of =— and -s—t 
* o * e 

and this   can   be  best   achieved by  first   calculating the   ehangi 
in the  load  distribution  over  the   airfoil  which   is  brought 
about  by the  flap deflection.     In  reference  5   thin  problem 
has  been  treated  In  a  semlemplrleal   fashion for   the  case  of 
conventional   airfoil   sections,   but   the   theory   Is   not   immedi- 
ately  applicable  to   low—drag; airfoils   and,   for   this reason, 
a different   approach   is  made modeled  on  the  worV  of  Olauert 
in reference  6  and Allen   in  reference  7. 

It   is   an  accepted practice  to divide  the  chordwlse  lift 
distribution    P     of  an   airfoil   into  two  partis:     (a)   the  so- 
called "basic"   lift  distribution    ft,   which  depends   en  camber- 
line  shape  and  la   Independent   of  the  nnjrl e of   attack;   and  (b) 
the additional lift distribution P, which is variable with 

angle  of  attack  and  In form   Is   independent   ef   the   cumber—line 
shape.     When   the  flap   on  an  airfoil   is   deflected,   the  change 
In lift  distribution   is   called the   Incremental   lift  distri- 
bution P. and the two component parts are respectively, 
incremental basic distribution P 

additional distribution P 
bS1 and incremental 

aB- It   can  be  shown  that  the 
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incremental additional distribution due to the dofloot Ion of 
the flap lo Identical In form with the additional distri- 
bution for the airfoil with flaps neutral.  The incremental 
basic distribution suet be evaluated, however, from a knowl- 
edge of the airfoil section, the nature of the flap, and the 
flap deflection.  The determination of this variation is 
therefore undertaken In the following paragraphs. 

* 

I 

I 

In conformity with the assumptions usually made in 
thin—airfoil theory, the airfoil is replaced by Its mean 
camber line.  Ti^ure 1 shows the assumed camber line distri- 
bution produced by the deflection of the flap, the hinge point 
of the flap lying between  Xi  and  xa,  AT approximating 
the chord—line of the airfoil.  If  x  Is measured from 
point A along AT und y Is measured from A along a line normal 
to AT, then In the figure 

<  < 
AB  Is linear with eouatlon y"0  for  0 = x • Xj 

BO  Is parabolic with equation  y * ax +bx+d for 
< < 

Xi = x • xa 

CO  Is linear with equation y—yg • —tan e (x—xa) for 
< < 

xs  •   r. •   o 

where    a,     b,     and    d     are  arbitrary  coefficients   and    8 
is  the  angle  the flap   is  deflected.     The parabolic section 
Is  to   extend  over  a very  small  portion  of  the   camber  line, 
the  extent   of  this  section  being determined  later,   and  is 
introduced  to  avoid the  sharp break  in  slope which  theoretically 
would  exist   and  the subs sou ent  requirement   of  a  singularity 
la  the velocity  and  lift   distribution  at   the hinge point. 
This   small  portion  between B and  C  may  be thought   of  as  a 
fairing of  the  camber   lino  at   the  point   of   the   sharp break 
and  Is  consistent  not   only with  the  existence  of  a  boundary 
layer   on  the surface  of   the airfoil,  for  the  layer has  a 
tendency to   iron  out   such  abrupt   Irregularities,   but  also  with 
th« geometry  of  the median  line between the upper  and lower 
surfaces  of  the airfoil. 

COITXDHXIAl 
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If the transformation 

z • -o (1 - eoa •) 

la lntroduoed, the expressions far the «lopes of the three 
•actions «aj be written In the foras 

\ 

AB:  — 
dx 

dx 
BC: 

far  0 

2ax + b  for *i  • x 
(4) 

• d  eos 8 + H  for e • «. 

CD:  ÄZ m - 
dx 

tan 6 

- X  for = e 

where 0, and X,  are Introduced for simplicity and 
are defined by the above equations. 

Reference 7 establishes the relationship 

/opb\     1 " dy / 
( ;  = _ / _i ^ eot 

6+8, 
— cot 

a-e. 
i de (5) 

2n a   dx 

where 

(*) 

e 

*e 

d£ 
dx 

baalc dlstrlout ion for lnflnitesiaally thin airfoil 
at ehordwlae station corresponding te  8 • •„ 

variable of Integration 

value of  8  at an arbitrary fixed point 

slope ef camber line 

It is obvious that this expression can be used In conjunction 
with the slopes given In equations (4) to deternlne the 
Incremental basic distribution due to the flap deflection. 

COMIDKNTIAL 

'•"• • ^ ••'••   '•'   --•.-'•«...'' —.•'•:  ' ."."'T."3rat'' s'^f^^JiL .;. "''/-• . -.  "',;-v,*:' •-*• 
••%Ä-i--'.;-•i-.'-f.. ••••J . - r,,--,-!*5v; .^«::S5% _/ ',y.    ... •..>••• .--.-,; v.. ,..;.. 

^yU<>^y€^,-,.r-t-> ti'^.•"':-••..•!;••      :••••• •. • •*;:*.-•• ;••••••• .-...: ..•- 
  »--«*,,. • 

•••;',.••'   •      > : •*•  •*••••?.. ij* 



*A<JA ACH So.   6A30 OOBTISIITIAL 

Vb«  Integration of the  Integral  Is  straightforward and the 
final result   la 

[9a - »j)     «In 80 • -    1B 

[0  oo«  8     + H)     In 

sin-g(8s + e0) 

• la|(aa-90)  »lnlte^a,,) 

• in^Oi-O 8lnA(aa+9  ) 
(6) 

l 
8s? 

For  a  given flap deflection  of     6     decree«   the value  of 
la known  and  It  merely remains   to  fix the  eoeffielente 

0 and H and  determine    6, and eo that the theoretical 
Incremental basic distribution is eonslatent with experiment. 
Impose now the condition that at  x • xx (.8**1) the parabola 
has aero slope and a radius of curvature equal to r.  This 
requires that 

c o 

2r 
and H = 

2r 
9, 

&: 

I 
Ss-i 

Moreover, at  x • xB (8 • 8S)  the slope of the parabola must 
equal 4,  thus 

— ( eos 8a — cos 81) • —X 
2r 

and If —,  X,  and 8X  are known, It Is possible to find 

° 91+8B 88.  Lettin«- the hinge point of the flap be at  —5—,  the 

parabola car. be oriented so that the values of  8  at its 
end points are symmetrically disposed with respect to 8  at 
the hinge point and for small flap deflections  8j  and 88 
ean be found. 

Usinp equation (6) and the derived values of the various 
parameters, a comparison was made between calculated values 
of Incremental basic distribution and available experimental 
data for small flap deflections.  It was found that when  r 
was set equal to the thickness of the airfoil at the hinge 
point the agreement was quite good over the entire airfoil 
surface and that at the hinge point, where maximum values 
•' *ba  *re attained, the results were reasonably accurate 
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Si- te Justify the us« ef the theory to  calculate  critical Mach 
numbers. 

By the method«  of  reference 7  It  fellows   that 

V 

4- 

!«bfi 
-   8*  «in  «s +   »(83-6!)+ -  (3ln  39g-  «In  2»,) 

3 
+   2H(«ln 9S -  «in 8X) 

•ad 

where 

°»»e 

e»a« 

°la«  "  2X^'T~B»^ -8H(88-81) -20(«ln 9 3- «In  8,) 

incremental  bade  lift  coefficient 

incremental  additional  lift   coefficient 

(7) 

(8) 

Since    84—<»i     is  small,   for  «mall   deflection«   of  the flap, 
it   1« possible  to  approximate  equations  (?)  and  (8)   by  simpler 
expressions   and  this  was  done  in  the  calculations.    Under  the 
same assumption,  the  peak point   of   the   incremental  basic  lift 
distribution   is  at   the  hinge point   and  can  be  approximated 
quickly. 

The relation between the velocity distribution and the 
chordwiee lift distribution over the airfoil ha« been giYen 
by Allen  (reference  8)   in  the ferm 

(vT-)"   ^=V   T= 
i» 

and 

V7.   '. 

Vi=Ff 

ip 
JFTT~- —*- 

•    L J\=*i 

(?) 

(10) 

I- 
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where 

(y-) velocity over upper surface of airfo w0/u 

(^—) reloclty ever lower aurfaoe of airfoil 

Pf preeaure distribution over base profile 

P lead distribution over airfoil 

11 

Since th 
ealeulat 
deteraln 
apeed pr 
and, fr0 
aaetloa 
of the 1 
en the a 
the eipr 

«•der th 
7 It haa 

e contribution of the flap 
ed, the effect on the veloc 
ed.  Substitution In eouatl 
eaaure coefficient at any p 
m the minimum pressure, the 
la detemlnable.  In calcul 
ncremental basic lift distr 
urface of the airfoil, It 1 
eaalon for  0FDg  «riven in 

e assumptions of thin alrfo 
been pointed out.rthat t» a f 

deflection to P haa been 
lty distribution can be 
on (3) will five the low— 
olnt along the airfoil; 
critical apeed of the 

atlng the contribution 
1 but ion te the velocity 
• well te bear In mind that 
equation (6) was derived 

i* *heo7-  i» reference 
irat order of approxl«,^ ion 

?b« - ^I=P7 
A*b« 

Henoe, It follows that the incremental velocity associated 
with thia portion of the lift distributf— '- 
-oPbj.  Thi ilon la given by .- - -. nM ,.„ ., .,„„„ (iJ >w lh>;;;;;#" 
«ritten aa 

if. 

where 
An 

.0 - 1 -/f- * £2 ±    *Ia ± 1    _    v ATo      V0 TO « o*b«) 

To       1-  determined  fr0B   the  it,iga  M  -f  ^  ^ 

eaaber  line  and    ~P t 

and  *„     a   , 4  »•     *•   •  function  of the  flap-chord  ratl« 
•«• th. d.fi,ctl.B „cl# of thfl fjap> 
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DISCUSSION  OF HiSUITS 

\ 

In figure Z are shewn the critical curves of a typical 
airfoil section (NACA 65j—210) for various flap deflections, 
both positive and negative. 

It ie to he observed that each critical curve is composed 
of three distinct pi.rts:  a substantially flat top and two 
steep sides.  These three portions correspond to three differ- 
ent conditions en the airfoil determining the minimum pressure 
peak. 

The thin airfoils con 
large additional velocltle 
rise in the basic velocity 
•sum—velocity point. The c 
distribution which is doub 
differing more than a smal 
The velocity peak: at the n 
velocity peak still regain 
sltion. Tor a certain ran 
design lift the forward ve 
ene; for tu in range the cr 
by the velocities near the 
profile modified by the am 
region. This latter veloc 
peak velocity te distingui 
appear at hinge points on 
later. This ran*-e of lift 
top of the critical curve 
produce a near linear ch*n 
flcient, giving to the top 

sldered are charac 
s near the nose an 
distribution <int>r 
omblnation results 
le—peaked for lift 
1 amount fro.:: the 
ose appears sudden 
lng; there is no c 
ge of lift coeffic 
locity peak Is les 
ltical Mach number 
maximum—velocity 

all additional vel 
ity peak will be t 
sh it from veloclt 
flapped airfoils t 
coefficient corre 
The small additi 

ige ir. Kach number 
a slight slope as 

terized by having 
d but a moderate 
oa-C'r:lne   the niii- 
ln a velocity 
coefficients 

design lift. 
ly, the after 
ontinuous tran— 
l?nt about the 
s th«>n the re«vr 
Is determined 

point of the base 
ocities for this 
ernfd the mid— 
y pe-»ks which 
o be mentioned 
spends to the 
onal velocities 
with lift coef- 
shown In figure 

At some lift coe 
pressure peak becomes 
peak; then for large 
the peak velocity at 
rapidly with change i 
additional velocities 
number falls rapidly 
flcient.  The lift co 
the nose and midpresn 
Intersection of the t 
which the absolute ma 
aft on the airfoil se 
vicinity of the nose 

fficlent, the velocity at tre forward 
equal to the velocity at the midpreggura 

increments of lift frrm the design lift, 
the nose is the maximum and changes 
n lift coefficient due to the large 

The result Is th«t the critical Mach 
with increasing increment in lift coef- 
efflcient for which the velocities at 
ure peaks are enunl is the point of 
op and the side; it is the point at 
ximum velocity jumps from a position 
ction to a point In the lmnedlate 
and will be denoted as the "declination 
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point" on the critical curve.  There are two auch declination 
point», for positive and negative lift increment«.  For posi- 
tive lift lncreaer.te the velocity peak at the nose apr.ears on 
the upper surface; for negative lift increments it appears 
on the lower surface. 

Since airfoils with flaps are equivalent to the original 
airfoil with modified camber, the effect is to chpnge the 
basic velocity distribution while leaving the additional 
velocity distribution the same.  The critical curve, then, 
for the flapped Rirfoil is very siailar to the unflap-ned 
but shifted as a whole by  cj b8* The   steep  sides   are 
practically parallel, for the incremental basic velocity at 
the nose is negligible. The only appreciable ch*.r.pe occurs 
In the top  and  the declination points. 

For   flip  deflections   small   enough  thut   the velocity peak 
at   tie hinpe  point   is   less   than  the  nidpealr velocity,   the 
top  of  the   critical   curve  will  have   essentially  the  same 
slope,   since   the  airfoil  has   the   sane  additional  velocities, 
but   is   shifted up  or   down  depending upon  whether  there   Is   a 
negative  or  positive  flap  deflection.     The  Increment  of  lift 
coefficient   between   the  upper   ar.d  lower  declination points 
will   consequently vary. 

For flap deflections large en 
at the hinf.e point is greater than 
top of the critical curve has a le 
additional velocities at the hing 
to be noted that for negative flap 
velocity at the hlnce point appear 
where the additional velocity incr 
Is negative; consenuently, the top 
a reversed slope to that of the un 
flapped  airfoils.     This   is   clearly 

ouch   that   the  pressure peak 
the midpeak pressure,   the 

SBer   slope  than  before,   the 
point  being  less.      It   Is 
deflections   the peak 

s   on   the   lower  surface 
ement   with   lift   coefficient 
of   the   critical   curve  has 

flapped  and  positively 
shown   in  figure  2. 

The  locus   of  the  upper   and  lower   critical  Mach  number 
declination  points  together  with  the   top  of   the   critical 
curve  form  whf».t  nay  be   termed  an   "optimum  critical   curve." 
All points   on  this   curve   correspond  to  flrcp  deflections  for 
which,   at   a   given   lift   coefficient,   the  airfoil   section 
achieves   the maximum  possible  critical  Mach  nuiüber, as   can 
be  seen   in  figure  2. 

The  extension  of  the  region   of  high  critical  Mach number 
by means   of   flaps   is   done   In  two psrts.     The  first,   where  the 
hinge pressure  peak   is   less   than  the  midpenk pressure.   Is   a 
near  linear   extension  of  the original   curve.     In  this  region 
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a reasonable  gain  In lift   coefficient   la  realized without   too 
much  sacrifice   In the  critical l!aoh  number.     In  the  second 
part,   after   the brea'K,   the  hinge peak pre:;oninates;   the 
sacrifice   in   critical Kaeh number  for   Increased  lift   Is 
correspondinrly  greater. 

In  fieure 3  are  shown  the 
the N*CA  64-,   65-,   and  66-seri 
chord ratios   of  0.06,   0.C3,  0. 
and  0.30c plain  flaps.     The  cr 
airfoils   without   flaps     (6=0) 
dotted lines.     The  rest   of  the 
deflections   are not   shown,   »3 
only the  locus   of  the  declinat 
noted previously,   form   ostiruir. 
airfoils  with   finps.     Each  of 
form directly  analogous   to  the 
having the   typical   extension, 
of   the hi*h-critical-speed  llf 

There  ire   two pr 
thickness   and  airfoil 
to  the position  of   th 
The  curves   show  a  gen 
and smaller   lift—coef 
The   extension   of   the 
shows   this   same  tends 
decree.se  in the  exten 
the  thinner  sections 
at   the hinge point,   t 
Telocity   alontr  the  ha 
curve  occurs   sooner, 
sections  are due  to  t 
Telocity varies   inver 
hinge point. 

optlaum  critical   curves   for 
es   of  airfoils   having  thickness— 
10,   and   CIS with  0.10c,   O.SOe, 
itical   curves   of   the   original 
are   in   each   instance   shown  as 
critical  curve«  for   other  flap 

was   done   in figure   a,   hut   rather 
Ion points.     Those  loci,   as 
critical   curves   for   the  given 

the   curves   in fl-;ure  3  his   a 
optimum curve of figure 3, 

for small flap deflections, 
t—coefficlent range. 

«dominate  va 
family .   »y 

e veloc Ity  p 
eral   trend,  t 
ficient rang 
llft-coeffic 
ncy  though  t 
slon  of the 
is   the  resul 
ogether with 
se  nrof -le  s 
The  larger 

he  fact that 
sely  as the 

riations to cons 
family, refer en 

eak on the base 
o higher critiea 
es for the thinn 
lent range By a.e 
o a lesser degre 
lift-coeffIclent 
t of higher velo 

a smaller varia 
o that the break 
?eak velocities 

the  value  of   th 
section  thicknes 

lder:     section 
ce  is made 
profile. 
1  "sch numbers 
er  sections. 
ans   of  flaps 
e.     The 
range for 

city peaks 
tion   in 

in  the 
for   the  thin 
e peak 
s   at   the 

The  additional velocity  diitrlout Ions   of   all   the  6—series 
airfoils   considered  are  substantially  the sane   over  the  rear- 
ward 60 percent   of  the   chord.     For  this reason,   all  the   slopes 
ef  the tops   of  the  critical  curves   in  any  ffiven  airfoil  family 
are  essentially  the   same  (cf.   fig.   8(a)   to  3(d)).     The  eloue 
for different   airfoil  families  will  he  different   as   indicated, 
(cf.   fig.   T(d),   3(h),   R(l))  the «lope  decreasing  for  a rear- 
ward movement   of  the  maximum  velocity point   on   the  base 
profile. 

For  the different   families  a rearward movement  of   the 
maximum velocity peak  Is   indicative  of  three  chances   In 
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section characteristics:  a lower maximum Telocity and flatter 
profile velocity, greater additional velocities at the nose, 
and a thicker section at the hinge point giving lower Telocity 
peaks there.  Thus, a rearward movement in pressure peak re- 
sults in slichtly higher critical speeds with, however, a 
emallnr range of lift coefficient in the high critical region 
together with a smaller extension of this range by the flaps. 

The extension of the critical curve of an airfoil by 
aeans of flaps will Tory with the flap-chord ratio, the dif- 
ferent optimum critieal curves being, however, quite similar. 
A study of the curves given In figure 3 Indicates that, of 
the flaps considered, the 0.20c give* the best over—all re- 
sults. 

Experiments carried out in the Ames 1— by 3^—foot high- 
speed tunnel, on airfoils equipped with orifices for the 
determination of pressure distributions, have given some In- 
sight into the validity of theoretical calculations of 
critical Mach numbers.  The sections considered had thickness— 
ehord ratios eaual to 0.13 and 0.15, the results being con- 
pared with those given in reference 1.  It was found that, 
throughout the high portion of the critical—speed curves for 
the low—drag airfoils, excellent agreement was obtained ex- 
cept that the points of declination of thr curves were at 
lift coefficients somewhat beyond those predicted, especially 
for the case in which the peak pressure point was forward on 
the upper surface.  The source of this discrepancy is probably 
twofold:  some error exists in the estimation of the true 
lift coefficient, and the Xarman—Isien correction formula 
is erroneous In the Immediate vicinity of the nose.  It is 
possible to derive a modification of the Glauert correction 
for lift, by means of the Karman—Tslen pressure formula, and 
the change brought about in lift coefficient can be shown to 
be In the right direction to agree with experiment.  This 
change, however, is small and somewhat laborious to apply and 
therefore was not used.  That errors in predicted pressures 
should exint near the nose of an airfoil follows from the 
fact that the Karnan—Tsien formula Is postulated on the use 
of a pressure-density relation which holds for conditions not 
differing ?re-tly from those in the free stream.  Near the 
nose, In the vicinity of the stagnation point, some dis- 
crepancy vould be exnected to occur, *nd this is confirmed by 
the experimental pressure distributions. 

Considerations of theory and experimental results both 
indicate that the theoretical results are conservative. It 
is to be expected, however, that, for airfoils with flaps, 
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the predicted extension, o 
f the curv 

ea should be of the right 

order 01 

COHCLVDIHG MKARKS 

Theoretical   calculations  show   that  the use  of pie in flap« 
on airfoil   sections   such  as  are  considered  in  the present  re- 
port will   serve  to  increase  appreciably the range  of  the high- 
er it leal Mach number  reeion  characteristic  of  lov—drag air- 
foils.     It   Is   to he   expected,   judfin^ from what   experimental 
evidence   Is   available,   that  the results  «ill underestimate 
the  extent   of   the  critical   curve  lying between  the  declination 
points   but  the  predicted  extension,   in this  portion  of  the 
curve,   should be  of  the   right  order   of mngnltude. 
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List of Symbols 

•eloolty of sound In the free stream 

chord lencth of airfoil 
section lift coefficient 

low-speed section lift coefficient 

incremental additional lift coefficient 

Incremental basic lift coefficient 

Mach number (velocity divided by velocity of sound) 

/ P—PnN 
pressure coefficient  (  a ] 

pressure coefficient under low—speed conditions 

pressure—coefficient distribution over base profile 

ahordwlse lift distribution (difference Between pressure 
coefficients on upper and lower surfn.ce of airfoil) 

chordulse lift dlstrlout ion produced by additional load 

distribution 

Chordwlse lift distribution produced by basic camber— 

line loading 

Incremental load distribution produced hy flap deflection 

incremental additional load distribution produced by 

flap delfeetion 
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pb« Incremental basic lead distribution produced by flap 
deflection 

orb 

orb« 

basic load distribution for lnfinitesinally thin airfoil 

incremental basic load distribution for infiniteslmally 
thin airfoil 

&U 

static pressure 

dynamic pressure (—pT j 

radius of curvature 

increment of local Telocity produced by basic lift 
distribution on airfoil 

local velocity 

av. increment   of   local  velocity produced  by additional  lift 
distribution  on  airfoil 

velocity  of   the   free  stream 

distance   along  chord  measured   from  le*dln?  edge  of 
airfoil 

Ordinate  of  camber  line measured  from  chord   line 

ratio   of   specific  heats     (cp/cT  *  1.4} 

ancle   of  flap  deflection 

variable  defined  by  equation     ?x •  c( 1 — cos  8) 

tangent   of  angle     8 

density 

Subscripts 

free—strsam conditions 

er critical conditions 

lower surface of the airfoil 

upper surface of the airfoil 
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Figur« l.- Equivalent camber line for airfoil with plain flap. 
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Figure 3.- Continued. 

1.0 

•or 

NAT [OVA ',  A1VI3C HY C 0/71TTI1 ' 
F DR A EROS AUTI cs 1 — 

Ju / 
-t- 
1 1 

\ V ̂  

y / 
1 

1 
\ o 

/ P* 1 
/ 

\ 
\ s 

*•* ) 
/ \ 

\ 
I 

/ \ 
\ / 

/ 
CON FIDE NTIA L 

-.6 -.4 - | 0 .8 .4 

(J)    NACA 661-208 airfoil section?'" 
Figure 3.- Continued. 

8 1.0 



y 

tf 
SACA AORNo.  6*30 

.8 

CONFIDENTIAL 
Fig«.  3k,1 

"CP 

   Ho flap 
_ 10n   flan 

/ 
o^l  .__ cue       " 

30c      • 

' 
1 / 

/ \ ^ 

„,/• 

Jriß / 
/ \ ^ 

/ \ 
\ 

/ 
/ 

\ 
\ 

/ 
f 

\ 

.4 
-.8       -.4       -.a .8 .8 1.0 

Cf„ 
(k)    NACA eex-aiO airfoil «action. 

Figur« 3.- Continued. 

.9 

.3 

"OP 

SAT roiA 
F 

i AC 
)R A 

use 
EROJ 

RY C 
AUTI 

OkMi 
CB 

iTTZl 

s I 

A X i 
i i V^ \ 

/ / \ 
\ ^ v s / / \ 

\ 
-N 

v. 

\ s 
CON riDK ITIA I \ 

-.6 -.2 .8 .8 1.0 

(1) NACA 661-212 airfoil section. 
Figur« 3.- Concluded. 

~^T 



i 

t 



WüfWI«   (BMI 41) 
Haaslet, itu A. 
Psrde». ftd*5*-« 

AUTHOMS) 

OrVBION.  Aerodynamics  (2) 
»CTION.  wings and Aiffoilj >f"        - 7 
C*OSS MFBBKBc   Wins« - Aerodynamioe  (99150)i Wings 
•ach number effect  (99171.2)s "Inga - Lift (99169) 

ATI- a 
GENCY Paid. Ab 

ACS-6A30 

«VISION1 

TITlfc Critical Mach numbers of thin airfoil  Motions with plain flap« 

KWHTM 

0»JGt4A1MG AGENCY,   national Advisory Committee  for Aeronautics, Washington, D.  C 
TtANSLATIOWi 

COUNTtY 1ANGUACE jama DECGHI ETZGBC 
IIBCIIII 

mm DATE 

iaüLfi 
MOB   IHK 

5_ -25- r""h* 
ABSTRACT 

Critical Mach number  as function of lift coefficient la daterainad for certain 
moderately thick KACA low-drag airfoil».    Results, giron graphically, includ» calculations 

on same airfoil sections with plain flaps for small flap deflections.    Curres Indicate 
optimum critioal conditions for airfoils with flaps in suoh form that they oan be 
00"5V,d Wlth oorre«P°odln« results for isro flap deflections.    Plain flap* increase lift- 
coeffioient range for which critioal lisch number is In region of high values characteris- 
tic of low-drag airfoils. 

»CTEi    Requests for copies  of this report must be addressed toi     I.A.C.A., 
Washington. D. 

WMGHT FWAD. OHIO, USAAFß\& 
• Wmm 

1-2, MQ„ A« MATBBB. COMMAND XT ECHNJCAl INDEX T» 

*»* 





EXIRCSO (Btcxn} 
Hecslet^Eax A. 
Pardoo« 

AUTKOCKS) 
AM2Q.nTl6 

TOWN, im* 

EVBtOMi Aorodynamioo (2) 
SSCItOWi  Wlngo and Airfoila   (6) 
CCC3S ßßWcütKCESi. Dingo - Aorodynanloo  (99150); Mngs - 
Kioh number effect (99171.2); mngo - lift (99169) 

Critioal Kaon nunbero of thin airfoil sootions with plain flaps 

C3SC4ATOK; AGENCYi   National Advioory Cocaittee for Aeronautioo, Vaohington, D. C. 
TQANSlATTOMi 

COUNTRY   | LANGUAGE IKXJG'NJOASS   U. SXtASS. I   DATE    IPAOS|1 /UUS. I fEAIU&S 

ßcsssnaav  «^ 
Crltiool Each number oo function of lift coefficient ip dstenalned for certain 

moderately thick HACA lew-drag airfoils.    Results, given graphically, includo calculations 
on oams airfoil sootions nith plain flaps for ocall flop dsflsotions.    Curves indicots 
optimum crltiool conditions for oirfoilo nith flops in truoh foro that they can bo 
oomparsd Pith corresponding rssulto for tero flop deflectiono.    Plain flapo IncreoBO lift- 
coeffioiont range for nhich critioal Caoh number is in region of high valuso charootsris- 
tlc of loo-drog airfoilo. 
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